Septins assemble into filaments and higher-order structures that act as scaffolds for diverse cell functions including cytokinesis, cell polarity, and membrane remodeling. Despite their conserved role in cell organization, little is known about how septin filaments elongate and are knitted together into higher-order assemblies. Using fluorescence correlation spectroscopy, we determined that cytosolic septins are in small complexes, suggesting that septin filaments are not formed in the cytosol. When the plasma membrane of live cells is monitored by total internal reflection fluorescence microscopy, we see that septin complexes of variable size diffuse in two dimensions. Diffusing septin complexes collide and make end-on associations to form elongated filaments and higher-order structures, an assembly process we call annealing. Septin assembly by annealing can be reconstituted in vitro on supported lipid bilayers with purified septin complexes. Using the reconstitution assay, we show that septin filaments are highly flexible, grow only from free filament ends, and do not exchange subunits in the middle of filaments. This work shows that annealing is a previously unidentified intrinsic property of septins in the presence of membranes and demonstrates that cells exploit this mechanism to build large septin assemblies.
Septins assemble into filaments and higher-order structures that act as scaffolds for diverse cell functions including cytokinesis, cell polarity, and membrane remodeling. Despite their conserved role in cell organization, little is known about how septin filaments elongate and are knitted together into higher-order assemblies. Using fluorescence correlation spectroscopy, we determined that cytosolic septins are in small complexes, suggesting that septin filaments are not formed in the cytosol. When the plasma membrane of live cells is monitored by total internal reflection fluorescence microscopy, we see that septin complexes of variable size diffuse in two dimensions. Diffusing septin complexes collide and make end-on associations to form elongated filaments and higher-order structures, an assembly process we call annealing. Septin assembly by annealing can be reconstituted in vitro on supported lipid bilayers with purified septin complexes. Using the reconstitution assay, we show that septin filaments are highly flexible, grow only from free filament ends, and do not exchange subunits in the middle of filaments. This work shows that annealing is a previously unidentified intrinsic property of septins in the presence of membranes and demonstrates that cells exploit this mechanism to build large septin assemblies.
cytoskeleton | biophysics S eptin filaments form rings, bars, and gauzes that serve as a scaffold at cell division sites; act to retract blebbed regions of membrane; and restrict diffusion between cell compartments (1) (2) (3) (4) . Septin function is required for cell division and viability in many eukaryotes whereas misregulation is associated with cancers and neurodegenerative disorders (5) (6) (7) (8) . Furthermore, septins mediate entry of both bacterial and fungal pathogens into host cells (9) (10) (11) . In vivo, septin assembly is restricted both in time and in space through local activation of small GTPases such as Cdc42. Localized signaling leads to higher-order septin structures forming closely apposed to the plasma membrane at the plane of division, sites of polarity, and curved membranes (10, (12) (13) (14) . Notably, eukaryotic cells of different geometries build higher-order septin assemblies of various shapes, sizes, and functions (4, 15, 16) . Although septins are critical for spatial organization of cell plasma membranes, their assembly and disassembly dynamics are not understood (15) .
Electron microscopy (EM) studies of recombinant and immunoprecipitated Saccharomyces cerevisiae septins have shown that septins form nonpolar hetero-octameric rod-shaped complexes in high-salt buffers (>300 mM) and elongated filaments when dialyzed into low-salt buffers (<100 mM) (17, 18) . Structural analyses of worm and mammalian septins have revealed that the heteromeric, rod-shaped complex is conserved (19) (20) (21) . Thus, septin rods characterized to date contain two copies of each septin subunit assembled into a nonpolar, heteromeric complex (Fig. S1 ). Association of purified septin proteins with phosphoinositide-containing membrane monolayers placed on EM grids can promote the assembly of septin filaments in otherwise nonpermissive conditions such as high salt or the presence of mutant septins in the complex (22) . A polybasic region in the N terminus of septin proteins as well as other surfaces of the septin protein have been proposed to be the basis for septin association with phosphoinositides; however, the functional role of membranes in filament formation is not yet known (22) (23) (24) .
Previous work has defined a possible starting state of assembly (the rod) and endpoint (filaments and gauzes); however, there is nothing known about how filaments elongate either in vivo or in vitro. Do septin filaments extend by stepwise addition of rods? Does addition occur from both ends of the filament? Can subunits be added in the middle and/or sides of a filament? Do septin filaments grow in the cytosol or on plasma membranes? Thus, it is still not known where filaments form in vivo, how filaments elongate, and how filaments are brought together to construct higher-order assemblies.
The goal of this study was to identify the locations and mechanism of septin filament polymerization. Using fluorescence correlation spectroscopy (FCS), we observed that cytosolic septins are likely rods, not monomers or filaments. Using total internal reflection fluorescence (TIRF) microscopy, we found septins form short filaments on the plasma membrane and then long filaments and higher-order assemblies grow when filaments merge. We have called the process of short filaments coming together "annealing" as this has previously been described for F-actin in vitro (25) . We reconstituted septin assembly, using purified proteins and supported lipid bilayers, and found that annealing is an intrinsic property of septins that occurs at very low protein concentrations in the presence of a supported phospholipid bilayer. Our results suggest that the plasma membrane concentrates septins and provides a platform for 2D diffusion that promotes polymerization.
Significance
The mechanisms and location of polymerization and disassembly direct the function of cytoskeletal proteins. Septins are far less understood than other cytoskeletal elements such as actin and microtubules, yet they have a conserved function acting as scaffolds at cell membranes and are implicated in cancers, neurodegenerative diseases, and microbial pathogenesis. We have defined a key role of the membrane in directing septin filament formation in live cells and reconstituted dynamic septin polymerization, using purified components. We find that septins grow into filaments and form higher-order structures by diffusing, colliding, and annealing on the plasma membrane. This work is important because it defines previously unidentified basic steps of polymerization and construction of higher-order assemblies of septin proteins.
Results
Septins Are in Small, Oligomeric Complexes in Cytosol. To determine how and where septins transition from monomers to filaments, we observed septins in the cytosol of three different fungal organisms: Schizosaccharomyces pombe, Saccharomyces cerevisiae, and Ashbya gossypii. These three systems have distinct cell morphologies and cell cycle controls influencing septin assembly and function. In all three systems, a septin was tagged with GFP at the native locus and expressed as the sole copy of the gene to monitor endogenous levels and enable quantitative analysis of fluorescence intensity (Tables S1-S3 ). To examine composition and properties of septin complexes in the cytoplasm, fluctuations in fluorescence intensity were monitored and autocorrelated using FCS. The cytoplasmic concentration of fluorescently labeled septins was measured to be 100-200 nM, which is on the order of previous estimates in S. pombe, using different approaches (Fig. S2A) (26) .
We expected to observe cytosolic septins behaving as if they were in one of three states: as individual proteins, as rod complexes with two copies of each septin, or as filaments (Fig. S1 ). Molecular brightness measurements by FCS indicated that septins in the cytosol of all three model systems are in complexes containing one to two fluorescently labeled molecules ( Fig. 1A and Fig. S2 B-D) . Importantly, similar molecular brightness values were measured regardless of which septin family member was tagged with GFP (Spn1/Cdc3 in S. pombe, Cdc11 in A. gossypii, and Cdc11 or Cdc3 in S. cerevisiae; Fig. 1A and Fig. S2 B-D). We suspect that in some cases a single molecule rather than two fluorescent molecules is detected because a subset of rods is in an intermediate state of assembly or a state of disassembly or both chromophores in the complex have not fully matured. Furthermore, cytoplasmic septins diffused at 0.67 ± 0.29 μm 2 /s (S. pombe), which is much slower than diffusion of cytoplasmic mEGFP alone, which was 25.80 ± 7.97 μm 2 /s. This diffusion behavior is consistent with a complex that is likely larger in size than a single septin protein (Fig. 1A and Fig. S2 B-D) . The reproducible detection of septin complexes with one to two fluorescent molecules and the slow diffusion of these complexes relative to mEGFP suggest septins are predominantly in heteromeric rods in the cytosol rather than in monomers or filaments.
Septins Elongate by Annealing on Plasma Membranes. We next assessed the properties of septins at the plasma membrane of living cells, using TIRF microscopy. Septins were found to diffuse in two dimensions as discrete spots and filaments (defined as linearshaped signals that in fact may be more complex than a single filament) at the plasma membrane in both S. pombe and A. gossypii cells (Fig. 1B, Fig. S3 , and Movies S1 and S2). These signals could be seen moving all over the cell cortex and presumably have not been detected in previous studies due to the substantial cytosolic background fluorescence that obscures them in widefield or spinning-disk confocal imaging.
To determine the composition of the signals, we calculated the number of fluorescent septin-mEGFP molecules in individual spots in S. pombe cells. To do this, signal intensities of septins were detected and measured using custom MATLAB-based software. To estimate the number of fluorescent molecules in each spot, the measured intensity values of septin signals were compared with the intensity of mEGFP fused to a PH domain, previously shown to localize to the plasma membrane in spots containing one to two molecules of mEGFP ( Fig. 1C) (27) . Based on this calibration, septin spots contained highly variable numbers of fluorescent molecules with the vast majority greater in intensity than a predicted octameric complex, which we predict should be twice the intensity of a single mEGFP (population mean PH Num1 -mEGFP = 1,974 ± 820 a.u., n = 1,510 particles; Spn1-mEGFP = 7,196 ± 4,896 a.u., n = 1,774 particles; Fig. 1C ). Thus, septins are found in complexes of heterogeneous size on the cortex of fission yeast cells.
Fluorescent septin spots and short filaments collide and fuse, a process that we term annealing, and a number of these events occurring sequentially leads to the eventual formation of elongated filaments (Fig. 1D , Movies S1 and S2, and Fig. S3 ). Once formed, filaments can be observed to fragment (Movies S1 and S2). As the cell cycle progressed in S. pombe, short filaments localized to the center of the cell, annealed there, and subsequently formed continuous bright ring structures at the site of cell division ( Fig. 1E and Movie S3). Our results suggest that septins arrive at the plasma membrane from the cytosol as rod complexes, which then elongate through diffusion-mediated collisions and annealing to construct large assemblies.
Reconstitution of Septin Filament Elongation. To determine whether elongation by annealing is a fundamental behavior of septin complexes or is mediated by other factors in the cell, we reconstituted septin assembly, using recombinant proteins on supported lipid bilayers (Fig. S4A ). S. cerevisiae septin complexes containing Cdc11-mEGFP, Cdc12-(His 6 ), Cdc3, and Cdc10 were coexpressed in Escherichia coli and purified (Fig. S4B ). Complexes were diluted to a final concentration of 0.5-3 nM of the octameric complex in low-salt buffer (50 mM NaCl). We first determined the soluble state of purified septin complexes in a low-salt solution. Using FCS, we found septin-containing particles fluoresced to a median molecular brightness of slightly less than twice the value of purified mEGFP-(His 6 ). This intensity of signal is consistent with the interpretation that the majority of the population of septins are in complexes with two labeled septins ( Fig. 2A) . Purified septin complexes diffused at a mean of 31 ± 5 μm 2 /s in solution compared with 101 ± 6 μm 2 /s for purified mEGFP-(His 6 ) (Fig. 2B ). This measured diffusion constant for septin complexes is consistent with a theoretical estimate for a rod with a diameter of 4 nm, a length of 32 nm, and a molecular weight of eight septin proteins (Fig. 2C) . Thus, purified septins at low concentration (3 nM) in low-salt solution likely exist as an octameric rod rather than as elongated filaments.
We next added purified septin complex to supported lipid bilayers in an attempt to observe septin filament formation. Bilayers were prepared with 75:22:3 mol% phosphatidylcholine: phosphatidylinositol:phosphatidylinositol-4,5-bisphosphate and were judged to be fluid based on observation of 2D diffusion of individual dye molecules when a trace amount of rhodaminelabeled phosphatidylethanolamine was included in the mixture (D = 1.46 ± 1.05 μm 2 /s, n = 25 particles; Fig. S4C and Movie S4). Septins were then monitored using TIRF microscopy to determine their behavior in the plane of the model lipid bilayer.
At 3 nM septin octamer, short filaments formed on the bilayer within 30 s, enabling an analysis of the filament assembly process in real time (Fig. 2D and Movie S5). To determine the smallest unit of assembly, we measured the number of septin-GFP molecules in each diffraction-limited spot at the first moments of detection. To do this, we used custom MATLAB-based software to detect the spots and calibrated the measured intensities, using intensity measurements of single molecules of pure mEGFP. Septin spots were initially found to fluoresce at an intensity comparable to ∼2× mEGFP, supporting the conclusion that the rod complex containing two copies of Cdc11-mEGFP is the initial unit of assembly (Fig. 2E) . Thereafter, fluorescent spots were continually recruited to the bilayer and an increase in the fluorescence intensity of each spot was noted with time ( Fig. 2F) . When combined, these data suggest Cdc11 is present in an octamer when it arrives at the membrane (with two molecules of Cdc11) and then rapidly forms short filaments (composed of multiple octamers) in the initial steps of assembly.
We then asked how filament formation was influenced by the concentration of septins in solution added to the bilayer. At 3 nM, puncta were clearly elongated in shape after 5-10 s and within 30 s, filaments of 1.5-2 μm were readily detected (Fig. 2G) . Late in the assembly process at 3 nM, the network of septin filaments became too dense to accurately measure individual filament lengths; however, continued recruitment of septins to the bilayer was indicated by increasing fluorescence intensity (Fig. S4D) . In contrast, at 1 nM, elongation occurred much more slowly and was found to reach equilibrium at shorter filament lengths (Fig. 2G) . The number of particles at the bilayer was found to increase from the initial addition of septins through elongation and this count represents a balance between recruitment of new particles from solution and merging of particles into filaments over time (Fig.  2H) . Notably, elongated puncta and very short filaments could be seen at concentrations as low as 0.5 nM. These data support that the length of filaments and kinetics of assembly are impacted by the concentration of septins used in the assay.
Septins Elongate by Annealing on Supported Lipid Bilayers. We next examined the mechanism of filament elongation on supported lipid bilayers. Filaments were defined as elongated structures that moved as a single unit. The elongated structures were produced by fusion of rod complexes to produce short filaments and subsequently short filaments merged together to form longer filaments (Fig. 3A and Movie S6). Thus, pure septin complexes on diffusive lipid bilayers recapitulated the annealing behavior observed in vivo.
We then evaluated whether filament length impacts annealing events or diffusive behavior of complexes on the membrane. We wondered whether there was any bias in the size of filaments that anneal; however, we could not detect a systematic pattern in the sizes of filaments that participate in an annealing event (Fig. 3 B   Fig. 2 . Reconstituted septin assembly on supported lipid bilayers. (A) Molecular brightness of pure mEGFP compared with that of copurified, recombinant septins containing Cdc11-mEGFP in solution, as measured by FCS. Box plots display median, lower, and upper quartiles and whiskers show range. ***P < 0.001 by Kruskal-Wallace one-way analysis of variance. (B) Diffusion coefficients of pure mEGFP compared with Cdc11-mEGFP containing septin complexes, estimated by fitting FCS results to a single-component anamolous diffusion model. (C) Diffusion coefficients were predicted for complexes of different numbers of septin octamers, using previously measured dimensions (i.e., length = 32 nm, diameter = 4 nm, molecular mass = 443 kDa) modeled as either rod-like or spherical in organization for a given molecular mass. Horizontal black line is measured diffusion constant, red asterisks are predicted diffusion constants for septin complexes in a rod-like shape, and blue asterisks are diffusion constants of complexes arranged in a sphere. (D) Cdc11-mEGFP signal accumulates and forms filaments at the lipid bilayer over time (3 nM octamer concentration), monitored by TIRF microscopy. (E) Quantification of fluorescence intensity (background subtracted) of single molecules of mEGFP (green histogram) and Cdc11-mEGFP complexes in the first moment of arrival at the bilayer (3 nM, blue histograms). (F) TIRF microscopy was used to measure septin particle brightness in each frame during the first 8 s of assembly (3 nM) in conditions where single molecules of mEGFP fluoresce to 100 a.u. The number of particles of a given intensity is represented by the color code beside the plot (n > 10,000 particles). (G) Filament length was measured over time and the mean length of elongated particles is plotted for each time point in a 3-nM and a 1-nM mixture of septin complex. (H) Particle count and filament length over time in a 1-nM assembly (same data as in G). Values were normalized to maximum values of length or particle count and minimum values were set to zero. These values were fitted and plotted normalized to the best-fit curve.
and C). This means that filaments can merge regardless of their relative sizes. This property can be seen when we calculate the difference in length between two filaments that anneal and compare this measured distribution to a distribution made from a simulation in which the same collection of filaments is paired at random (Fig. 3C , no significant difference between observed and simulated random distribution). Length does, however, have a modest impact on filament diffusion rates in that we detect a moderate negative correlation between filament length and diffusion rate as measured by mean square displacement (r = −0.42, mean = 0.16 μm 2 /s, Fig. 3D ). Thus, filament length does not restrict septin annealing events directly; however, filament length does modestly impact rates of diffusion.
Next, we evaluated whether filaments can elongate at both free ends and whether subunits can be incorporated in the middle/sides of a preexisting filament. For these experiments, septin complexes containing Cdc11-mCherry were purified and mixed with Cdc11-mEGFP complexes. Specifically, Cdc11-mEGFP complexes were first assembled on a supported lipid bilayer and excess, nonmembrane-bound complexes were removed. Cdc11-mCherry septin complexes were then added and the locations of new additions were monitored. We found addition occurred at filament ends and in many cases preformed filaments elongated at both ends ( Fig. 4A and Movie S7). The majority of newly incorporated septin arrived at preformed filament ends after 2D diffusion on the membrane rather than arriving directly from the bulk solution (81%, n = 21). No Cdc11m-Cherry-labeled complexes were found to add to the middle of preexisting green filaments. Over time, however, mCherry subunits could be seen in the middle of filaments due to repeated fragmentation and reannealing of the original GFP-labeled filaments. These results support the conclusion that elongation occurs exclusively at the ends of preexisting filaments and suggest that septins do not exchange subunits internally or bind to sides of preexisting filaments in these conditions.
In addition to annealing, fragmentation of filaments was also readily observed in vitro as well as in vivo (Fig. 4B and Movie S8). Filaments can fragment at a variety of places and breakage is not limited to the ends or the middle. Fragmentation occurred after filaments bent, indicating that the flexibility is integral to setting the filament length and stability on the bilayer.
To measure the flexibility of septin filaments, bending over time was used to determine persistence length. Persistence length is a measure of the stiffness of a polymer, and we calculated this property of septins as described by Gittes et al. for actin and microtubules (28) . Septins were found to have a median persistence length of 12 μm on bilayers and there was no correlation between filament length and persistence length (Fig. 4C) . These estimates are in contrast to 18 μm for actin and 5,200 μm for microtubules on glass. These measurements support that septins are highly flexible filaments and that in this reconstituted setting these are unlikely to be bundled filaments.
In vitro, two possible mechanisms could favor septin filament elongation on supported lipid bilayers rather than in solution. It is possible that an effective concentration increase and restriction of diffusion to two dimensions control the formation of septin filaments. Alternatively, a phosphatidylinositol-induced conformational change that occurs within septins upon association with the membrane could promote filament formation. To differentiate between these two scenarios, an alternative approach to bilayer recruitment was used. Because septin complexes were purified using Cdc12-(His 6 ), bilayers containing 4% (mol%) DGS-NTA(Ni) lipids and 96% (mol%) phosphatidylcholine were prepared and analyzed for their ability to promote septin filament assembly (Fig. 4D) . The same property of elongation by annealing was observed on membranes of this composition of lipids although the assembly of filaments was slower than in phosphatidylinositolcontaining bilayers (Movie S9). Notably, no filaments formed when purified septin complexes were added to cleaned or caseinor BSA-coated glass, indicating that diffusion provided by a fluid membrane is a critical component of filament assembly at low septin concentrations (Fig. S4E) . Thus, in a reduced system containing septin heteromeric complexes and a supported lipid bilayer, septins assemble filaments and higher-order structures through 2D diffusion and annealing. These data suggest that annealing is a fundamental property of the septin polymer that drives the assembly process.
Discussion
Dynamic transitions between soluble and assembled states lend cytoskeletal polymers many of their functional properties, from force generation and motility to contraction and scaffolding (29, 30) . Based on the work reported here, we are able to propose a three-step process for the formation of septin assemblies (Fig.  4E) . First, as measured by FCS, septins oligomerize into small complexes that are not filaments in the cytoplasm. These complexes are likely to be rods that are heterooctamers or decamers in fungi based on previous work with purified and recombinant proteins in high-salt conditions (17, 18, 31, 32) . Subsequently, when rods contact the plasma membrane, they are concentrated, diffuse, and merge to grow into short filaments through annealing. These short filaments then diffuse in the plane of the membrane, merging into each other and nascent higher-order structures such as the rings and collars that demarcate sites of cytokinesis in fungal cells (Fig. 4E) . In summary, this study shows septin membrane associations effectively concentrate subunits and limit the dimensionality of diffusion to promote filament formation.
In cells, it is unknown what controls the ratio of the amount of septins on the plasma membrane to the amount in the cytoplasm. It is interesting to note that septins assemble in vitro at concentrations that are orders of magnitude lower than the measured cytoplasmic concentration of septins. This could indicate that even at high concentrations, three-dimensional diffusion is insufficient to support annealing of rods in the cytosol. Alternatively there could be a conformational change induced by membrane association or a capping protein that dissociates at the membrane to restrict the location of elongation. This possible function of the membrane need not necessarily be phosphoinositide dependent based on the in vitro experiments where filaments form with Ni-NTA-based recruitment (Fig. 4) . It will be critical in the future to determine annealing. These filaments that participated in annealing events were then paired at random, and differences were calculated from the random pairs and plotted as a red line. The simulated random distribution of differences is not distinguishable from the actual data (insignificant two-sample KolmogorovSmirnov test). (D) Filament length and diffusion coefficients were measured and plotted for a population of septin particles at the bilayer.
whether septin rods are capped to limit cytosolic polymerization and whether the membrane provides a distinct role in assembly beyond restricting diffusion to two dimensions.
With the reconstitution assay, we can make predictions about the mechanisms driving septin polymerization. We speculate filaments form through what is likely an isodesmic rather than a cooperative, nucleation-elongation process. An isodesmic assembly is consistent with a relatively low concentration for polymerization in the presence of a membrane and a broad filament size distribution (33) . It is possible that in early stages of assembly, in diffractionlimited spots, septins do cooperatively assemble via a process not detectable by this assay. Furthermore, it is conceivable that the assembly of heteromeric rods in the cytosol is a cooperative process that cannot be monitored using the present approaches in vivo. Mixed (i.e., isodesmic and cooperative) modes of assembly have been speculated to exist for FtsZ and even actin displays isodesmic or nucleation-elongation assembly kinetics depending on the species of origin (33, 34) . For example, animal F-actin assembly clearly displays a nucleation-elongation mechanism of assembly, whereas parasite F-actin forms by an isodesmic process reminiscent of what we see with septins on membranes (35) .
The behavior of septins in the vitro assay supports the conclusion that filament assembly begins with the recruitment of individual septin rods from solution to membranes and that filament growth progresses in a bidirectional, end-dependent manner. It is clear new rods are not added in the middle of premade filaments; nor do they associate with the sides of preexisting filaments. This indicates both that exchange of subunits within a filament does not occur under these conditions and that rods are not joining filaments by lateral associations but rather by only end-on associations. Furthermore, in vitro, we do not see filaments elongate due to addition of subunits arriving from the bulk solution but rather primarily through collisions between particles diffusing in two dimensions. Importantly, in vivo it cannot be determined whether soluble septins are also able to join larger assemblies directly from the cytosol in addition to diffusion-driven annealing. Analyzing this process in vivo is complicated by the fact that it is unclear whether all septin filaments are membrane associated or whether there are layers of septin filaments stacked on membranes with some filaments directly binding membranes and some filaments associating with other filaments. Future work in vivo should consider how to address the issue of exchange of subunits within filaments and bundling in assembled higher-order structures. These facets of septin assembly likely require additional cytosolic factors, posttranslational modifications, and/or lateral associations between filaments.
How do the properties of septins we have found here in terms of flexibility, annealing, and fragmentation relate to the properties of higher-order structures of septins in cells? We speculate that flexibility of filaments and their capacity to anneal may accelerate assembly, rearrangement, and disassembly of higher-order structures. Previous work using polarization microscopy has demonstrated that the septin hour-glass structure in yeast is anisotropic, suggesting it is highly ordered both before and after cytokinesis (13, 36, 37) . We imagine that the order emerges from a septin binding or bundling partner that constrains and contains the flexible filaments. Alternatively, tight lateral associations between adjacent filaments may be sufficient to bundle filaments and create the highly anisotropic assemblies observed in cells. If present, these lateral associations either form in a concentration-dependent manner or require a cytosolic factor because we did not obtain any evidence for lateral associations on membranes in vitro. Despite appearing highly anisotropic through most of the cell cycle, the septin hourglass displays a notably more "fluid" or isotropic transition at cytokinesis (1, 13, 36, 37) . The flexibility, annealing, and fragmentation properties are likely important for transit through the isotropic phase. The loss, addition, or modification of a binding partner or septins Step 1: Septins arrive at plasma membranes from cytoplasm as short rods.
Step 2: Rods then assemble into short filaments on the plasma membrane through annealing. Step 3: Short filaments then build higher-order structures.
themselves could initiate this transition seen by polarization microscopy at cytokinesis. Future work adding in putative septin regulators to the in vitro system will be illuminating to determine whether any cell-cycle-regulated, septin-binding proteins can bring order to flexible filaments.
This report presents reconstitution of septin polymerization in vitro that captures and quantitatively measures the dynamics of septin assembly on a bilayer. This will be a powerful model system on which to test the role of nucleotides, posttranslational modifications, and accessory factors in the organization of septins. By combining a reconstitution assay with live cell imaging, this work reveals a role for a plasma membrane in driving septin filament elongation and the construction of higher-order assemblies.
Materials and Methods
Supported Lipid Bilayer Preparation. Supported lipid bilayers were prepared on clean glass as detailed in SI Materials and Methods. Briefly, after sonication and plasma cleaning, small unilamellar vesicles (SUVs) of desired lipid mixture were prepared by rehydration and bath sonication until the solution clarified and SUVs were allowed to fuse with glass. Bilayers were washed with 50 mM Tris, pH 8.0, 300 mM NaCl, and 1 mg/mL fatty acid-free BSA (Sigma A6003) before the addition of septins. Detailed methods can be found in SI Materials and Methods.
Image Analysis. Images were processed and analyzed using ImageJ, MATLAB, and Nikon Elements software (38) . Detailed descriptions of particle detection, tracking, and quantification can be found in SI Materials and Methods.
